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Abstract 
  We propose a circular Si diaphragm of hexagonal photonic crystal (PhC) lattice with triple nano-ring (TNR) 
resonator created at the center as a nano-scale force sensor. The optimized channel drop effect of the TNR resonator 
brings a strong forward drop resonant peak with Q-factor of 1412. The resonant wavelength peak shifts upon the 
applied force at the centre of the circular diaphragm along the normal direction in terms of a 2nd-order polynomial 
relationship. This device can detect wide range of applied force and gives minimum detectable force of 0.847 ȝN in 
the region of applied force from 15 to 20 ȝN. An interesting dual channel reversibility (DCR) phenomenon is 
reported. More clearly, resonant peaks of the same wavelength are obtained when the input port is swapped between 
the two waveguides, i.e., the waveguide on the single nano-ring side and the other waveguide on the horizontal 
nano-rings side. 
© 2009 Published by Elsevier Ltd. 
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1. Introduction 
     Photonic crystals (PhCs) are engineered nanostructures which provide capability of controlling and manipulating 
the propagation of electromagnetic waves within a certain frequency range. Micro-ring resonator device is a well-
known approach to achieve channel drop filter with high quality [1-4]. The ultimate sizes of such PhC filters are 
suggested to be less than 1/10,000 of those of conventional optical devices. On the other hand, the surface state 
variation and mechanical deformation of microcavity or nanocavity of PhC resonators and filters leads to 
measurable resonant wavelength shift. This unique feature makes PhC resonators and filters become good 
biochemical sensors and nanomechanical sensors [5, 6]. In this paper, a novel nanoelectromechanical system 
(NEMS) diaphragm sensor using a triple nano-ring (TNR) resonator is conceptualized and investigated 
computationally. 
2. Modelling approach and operation mechanism of NEMS diaphragm sensor 
M. Kitamura et al. reported that the cavity modes obtained by plane wave expansion (PWE) method in PhC slab 
structure are in good agreement with the measured results [7]. By using this PWE method, the band gap structure of 
a 220 nm silicon PhCs slab of hexagonal lattice of air holes is derived, i.e., a case of air/220nm-Si/air. According to 
the derived band gap map as shown in Fig. 1, the ratio between the radius of air holes (r) and lattice constant (a) is 
selected as 0.292. The  normalized frequency range of first photonic band gap extends from 0.26 to 0.33 in TM  
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polarization electromagnetic wave, i.e., the magnetic field parallel to the surface of silicon slab. The corresponding 
directions of īM and īK with respect to hexagonal lattice are indicated in the inset of Fig. 1. The corresponding 
band gap wavelength range extends from 1.242ȝm to 1.577ȝm. A combinational approach of the 2-D finite-
difference time-domain (FDTD) method and the effective refractive index (ERI) approximation was deployed to 
calculate and predict the performance of channel drop filter and the filed distribution of resonant mode in this study. 
M. Qiu reported a good agreement between the data derived by this combinational approach and full vector three 
dimensional (3-D) FDTD method [8]. Furthermore, experimental data have been predicted well by this 
combinational approach by the other groups as well [9, 10].  
The PhC resonator is formed by three triangle-arranged hexagonal nano-rings with size of 2.87Pm for each ring, 
as shown in the Fig. 2. The Si diaphragm of 10 ȝm in diameter is patterned and released from the 220nm thick 
silicon device layer of a SOI wafer, where the ERI of air/220 nm-Si/air is derived as 2.7967. Small circles represent 
the air holes. The nano-rings and the waveguides are made by removing the air holes to form such layouts in the 
silicon PhC slab. The air holes have radius (r) of 0.12ȝm and lattice constant (a) of 0.41ȝm respectively. The two 
horizontally placed nano-rings are separated by three air holes and the 3rd ring is located at the middle of the 
horizontal rings with one line of air holes separation. The two waveguides are placed at two sides of the resonator 
and have two lines of air holes separation with the edge of nano-rings. The input light port is at bottom right port 
denoted by a blue arrow in Fig. 2 and the other three ports are named as transmission (TR), forward drop (FD) and 
backward drop (BD) respectively. Those parameters are designed and optimized in order to achieve resonant peak 
output with high quality factor (Q-factor) at the FD port.  
In the applications, external force will introduce the vertical displacement at diaphragm centre and strain in the 
TNR resonator sensing element region. Finite-element analysis (FEA) is deployed to obtain the deformation data of 
holes among PhC air-hole array under various force loads which are applied at the center point of the diaphragm 
(Fig. 3). The Young’s modulus and Poisson’s ratio of Si used in FEA simulation are 130 GPa and 0.3 respectively. 
We further applied numerical 2-D FDTD method to simulate the propagation of the electromagnetic waves in the 
deformed PhC TNR resonator structure in the presence of various applied force loads. We expect the resonant peak 
at FD port will vary according to the strain of TNR resonator. In our previous study [11], we realized that the shape 
change of air-holes among the deformed PhC structure does not affect on the output resonant behavior. More 
importantly, the relative position shift of these air-holes among the deformed PhC structure plays a major role in 
contribution to the resonant behavior. Thus we recorded the position of holes in the deformed region of diaphragm 
under force load according to the FEA results, and conducted the 2-D FDTD modeling based on the layout of such 
deformed TNR resonators.  
3. Characterization of NEMS diaphragm sensor 
Fig. 2 Schematic diagram of Si PhC diaphragm with 
triple nano-ring (TNR) resonator sensors
Fig. 1 Band structure of the PhCs structure of 
hexagonal lattice. 
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Fig. 3 FEA simulation modelling results of Si PhC diaphragm a) under 5ȝN force, b) under 20 ȝN force 
   
The unique TNR resonator gives a strong resonant peak at the FD channel, as shown in the Fig. 4. The 
normalized transmission intensity of the ports of TR and the BD is only 10% of the intensity of  the FD port. Hence, 
a channel drop mechanism is obtained in this TNR resonator. Two major peaks shown in the  transmission spectrum 
plot and we are more interested in the later one since the light intensity ratio of FD port to BD port become 
maximum at this point. The initial resonant peak falls into 1553.63nm with a Q-factor of 1412. As we applied 
different constant loading force at the centre of the Si diaphragm, the FD resonant peak shifts accordingly, as shown 
in Fig. 5. It shows that the FD resonant peak shifts to the higher wavelength region as the loading force increases. 
Furthermore, the resonant peaks maintain its Q-factor value as the load force reaches about 20ȝN which shows a 
wide force-sensing range of the NEMS diaphragm sensor. Fig. 6 illustrates that the 2nd-order polynomial fitting 
curve is in a good agreement with the derived data points. The resonant wavelength is characterized as a function of 
loading force and deformation at the centre of diaphragm along the normal direction, i.e., Z direction. From the 2nd-
order polynomial fitting curve, we can get different detect sensitivity in different load range for many applications. 
More specifically, the slope of the fitting curve within the region of 0~4PN is derived as 0.0125 nm/PN, while such 
slope is 0.118 nm/PN in the force region of 15~20PN. As a result, the minimum detectable force is calculated as 
8PN and 0.847PN in these two regions, respectively.  
Moreover, we are interested in the performance of the resonator when the input port is swapped with the BD port 
in Fig.2, since the triangle layout of nano-rings is symmetric for nano-rings, but it is not a symmetric feature with 
respect to the input and output waveguides. Very interestingly, we found out that the forward drop resonant peak is 
derived at the same wavelength at the new FD port (the TR port in Fig. 2); the only difference is the normalized 
intensity of the peak. Hence, we name that phenomenon as dual channel reversibility (DCR).  
Fig. 4 Spectra of ports FD, BD and TR for 
TNR resonator without any force load 
Fig. 5 TNR Resonant peaks under various 
loading force
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4. Conclusion 
In this paper, we proposed a photonic crystal based triple nano-ring (TNR) resonator and the micro force sensing 
applications. The significant forward channel drop features integrated with the Si diaphragm gives strong resonant 
peak with quality factor of 1412. A 2nd-polinomial fitting curve is obtained for the curves of the resonant wavelength 
versus the applied load force as well as the diaphragm centre vertical displacement. This device shows wide force-
sensing range and gives minimum detectable force of 0.847PN in the region of 15 to 20 ȝN. An interesting 
phenomenon shows the exactly same wavelength of forward drop peak is resonant derived when the light input port 
is swapped between waveguides at the side of single nano-ring and the side of two horizontal nano-rings. 
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Fig. 6 Resonant peak wavelength as a function of a) loading force, b) vertical deformation at the centre 
of diaphragm
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